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ABSTRACT

The feasibility of an air data system based on the measure- i
ment of the resonant fluorescence of carbon dioxide in the ‘
atmosphere 1s discussed. The Doppler shift of the fluorescence
gives the alr veloclty and the linewidth gives the pressure
altitude. .

S e

A system using a tunable diode laser has been set-up and

characterized. Attempts to measure back-scattered fluorescence
were unsuccessful, but inelastic scattering in the forward
directicn was observed. Mechanisms for this are discussed but
no firm conclusion is reached. A correlation technique

for processing the data is discussed and its accuracy computed.
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1. INTRODUCTION

The current technique for measuring the speed of super~
sonic and hypersonic aircraft is a modification of the pitot
static tube. One port senses the total immact pressure of the
air and another senses the amhient static pressure. The ratic cf
these two pressures is then used tc measure the XYach number.
Another sensor measures the impact temperature and with this data
the true airspeed can be computed. The main difficulty with this
system lies with the measurement of the static pressure. This
pressure is very much less than the impact pressure and if the
static pressure port sees any part of the impact pressure, then
substantial errors occur. Changes in the apvarent static pres-
sure do, in fact, occur due to the angle of attack and sideslip
cf the aircraft. 1In addition, the pc~et is behind the bow shock
of the aircraft and the apvarent strength of the shock varies as

“he aircraft maneuvers.

What 1s desired is an alrspeed sensor which measures the
speed of the air ahead of the shock. This alr is completely
unaffected by the aircraft at supersonic speeds. However, no
metalls probe may be placed ahead of tne aircraft nose, or it

121 iInterfer with radar equipment on the aircraft. A sensor is

=

required which can remotely measure the speed of the air zheacd

of *the aircraft.

A novel tycve of sensor 1s suggested which is capable ¢of mea-
suring an aircraft's speed and altitude. The sensor measures
the Doppler shift and line width of infra-red radiation resonantly
scattered from carbon dioxide molecules in the air. The Dopvpler
shift =zives the aircraft speed and the linewidth gives the pres-
sure altitude of the alrcraft. Multiple sensors enable the angle

of attack and sideslip to be measured. Recently, tunable

Soboge
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semiconducter lasers have beccme available with very low pcwer

[

consumption and they can be tuned to a very stronz resonance o

3

CO, at a wavelength of approximately 4,3 u. The sensor is ca
able of measuring the air veloclity a few feet ahead of the air-
craft at altitudes of at least 100,000 ft.

1.1 Previous Laser Doppler Velocimeter Tests

In 1972, Munoz, Mocker and Xcehler [5] of NASA Ames and
Honeywell flew a carbon dioxide laser-powered Laser Doppler
Jelocimeter on a MNASA CV 890 aircraft. This system used a 25-
50 watt laser which required a large power supoly and a heat
exchanger for ccoling. The system worked well up to an altitude
of 10,000 ft and an alr-speed of 500 kts. The system operated on
the princivle of measuring the Doppler shift of infra-recd radia-
tion at a 10.6 micron wavelength being scattered frem naturally
occurring aerosol particles in the air. However, at an altitude
of greater than 10,000 ft, there was an insufficient number of
aerosol particles in the alr to give an adequate signal strength.
Accordingly, at higher speeds and higher atltitudes, a stronger

scattering source than natural aerocosols 1s required.

1.2 Scattering From the Air

The scattering of light traveling thrcough the air can be due

to one of four mechanisms:
1. Aerosol scattering.
2. Rayleicgh scattering (due to density fluctuations).

3. Raman scattering (stimulated fluorescence).

4. Rescnant scattering (natural fluorescence).
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The
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T three mechanisms are all extremelyv wezk and cnly
ut

erinz is stronz enough to be used for remcte veloco-

s
resonant scatt
ity measurement.
Nitrogen and oxygen have strong rescnant lines in the ultra-
violet, tut no radlating ones in the infra-~red where %tunable
lasers operate. Only tri-atomic molecules have radiating resc-
nant lines in the infra-red. The three mcst common tri-atomic
rmolecules are carbon dioxide, water varor and ozone. T
lines are fairly weak and water is not nearly as common as carbon
dioxide in the stratosphere (see Fig. 1) [I]. Thus, CO, is the
best candidate for a scattering material and this has some strong

resonance lines at a wavelength of 4.3 u.

The CO, molecules are excited from their cround state to the
00°1 s<ate when they atsorb radiation at 4.2 u. This is an
extremely favorable transition with a cress section of apoproxi-
mately 1071'6
radiation at 4.3 u is attenuated at a rate of 1 per meter. This

ex

en? per molecule. Thus, from Fig. 1, at 100,000 f:,
line is the pumping level in the CO, laser. The cited molecules

can decay in a number of ways:
1. Transition-to-ground state — radiation at 4.3 u.

2. Collision with another molecule — enercy transferred

into translational form.

3. Transition to a lower state (10°0 or 02°0) — radiation
at 10.6 u or 9.5 u.

It is this reradiation of the original 4.3 u enercy which
we propcse to use for the measurement of the aircraft sreed.
Kildal and 3yer (1971) (3] have examined this process

tackscatter in thelr review paper and have considered

O

f resonant

t tec be

o
@M

oractical for the detection of pollutants, providing ¢ arnro-

priate laser wavelengths can be found.

ki i B
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na3 2 Linewldtn o7 abtout 2 OMHEZ 2nd i3 canablae of rezolvinac
gxtremely Tins spectroscoric detail., These lasers are excasi-
ingly small and cgerate continucusly at a current of z few hurdred
milliamps., They do, however, require coclinz to 10 - 120°K,

T“he laser itself has za very narrcow scectral width cof 3 MEz. 1
The width of the rescnarce line of 332 is much larzer and deter- 1

b]

The Zfcocrmer is caused by th

(
F

motion of the CC, molecules. The br
a temperature cf -35°C. The pres
collisions with other molecules. Its magnitu
per miliibar cf atmospheric pressure. Thus, at a pressure cf
100 millibars we have a linewidth of about U700 Hz and at sea
vel will have a2 linewidth of U4 GHz. It is this pressure broad-

e
ening which primarily determines the width cf the resonance line.
u

Measurement of this linewidth will enable the altitude cf an
. s

aircraf“ to be measured.
E
b
]

£
- L4
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1.5 Signal Detection

The scattered rlucrescence can be deftected in one of =wc
ways; elther directly cr by heterodyne detection. The direcs
dectlon is the most straightforward, bu: the hetercdyne dete
promises greater sensitivity. In heterodyne detecticn the scat-
tered radiatlion is caused tc beat with <he original laser ou
to zive noise free amplification. Heterodyne detection does,
however, have inefficiencies not present in direct detection
schemes. Beam splitter/combiner losses are 30%. Radiation is
scattered into other rotation lines and not detected (Q92% lost)
and the bandwildth of the detector is less than that of the line

of CO, (90% lost). This gives an overall efficiency of cnly 0.27

at most. Eowever, heterodyne detection deoes have the potential
for one to twe orders of masnitude greater sensitivity than
direct detection. An Indium An<imconide detector has btesn usai,

1.6 Operation of the Sensor

The laser is tuned to a 4.3 u rescnant line ¢f the cc,. “he

"‘J

equency of the laser 1s then scanned by a ramp waveform, on the
current, which will drive the laser throuch the resonance line.
The output of the reference detector can be nmcnitored directly
since the signal 1s streng and of small tandwidth. This detector
shows a peak in the abtsorption of the laser radiation by the
reference cell of CO,, corresponding to zerc velocity. The

width of the absorption peak corresponds to the Kknown pressure

of the C0, 1In the reference cell.

The output of the hetercdyne detector 1 reated a little

S
differen-ly. It 1s first amplified by a wide band preampliifier
e

i
of bandwidth AF and then detected, or saguared, and intecrated

ith a bandwiden Af. Thiz enhances the sicnal-to-ncise ratio by

~
7

= - ! . - o Sad e AN SRS I RE A NSRRI O

Sl
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a Tactor of AW/AfL over the raw sisnal., The heterodyne deszctor
cutzut is then correlated with the reference detectcr cutvoucz.
The freguency shift between the peaks 1is

~

.238V MHz !

n)

.y

where ¥V is the alrcraft speed in

]

®¥t3, and the atrmcsrheric pres-
sure is obtained from the width of the heterodyne detectzr peak

and Is

1,
(16 p? + Ad?)*° MHz (3)

where p is the pressure in millibars and Ad is the linew
t> the motion of the carbon dioxide mclecules. A
jal

of =53°C, this linewidtn is 182 MEz. It would appear that the
zccuracy of this technigue of altitude mezasurement would be noer
above 30,000 £t because the linewidth is determined more bty the
Joppler breoadening than by the pressure broadening abcve that
altitude.

The lowest airspeed which can be measured with this sytem
devends upon how small a fracticnal shift in the line we can
measure. A speed of 100 kts corresponds to a shif+t of 23.8 MHz,
At sea level, this represents approximately 1/2% of the line-

width; at 30,000 ft it is 1%% and at 100,000 £t is it 12%. Thus,
low speeds are easier to measure at high altitude.
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2. CALCULATION OF SIGNAL STRENGTH
2.1 Introduction

This section discusses the siznzl s<rencth Tc te exrtected
for the detecticn cf flucrescence frorm carben dicxide.
we Will consider the strencth chbtain
of the backscattered flucrescent radiation. Then we will ccmrnare
this with the signal obtained by ¢
we will consider which tvpe 0of pho

o

for use iIn the hetercdyne detectl

2.2 Signal for Backscattered Heterodyne Detection

The mcst sensitive method for dete

o
ct
’,J-
S
#1013
ct
o
[0/]
O
)
)
ey
w
(@]
o]
ot
ot
[40]
'3
D
(8

siznal Trcm the carbon dioxide is by heter

the signal radiation is mixed with or

the two beat together. DBecause a photcdetector 13 2z =quare law
device, the resulting photocurrent is prororticnal to <he sauare
root of the product of the laser and the signal intensities.
This results in a noise free boost in the signal level.

In hetercdyne detection, the detector noise Itsel! 1s nct
relevant since the local oscillator can always be made
enouczh so that the detector is shct noise limited in the sisnal.

T“he photocurrent of the signal, I is given by

S,

I =2/F P._R (4)

where P siznal power

ae]
4
|

local oscillator power

o]
il

responsivity of the detector (amps/watts).

The nolse in the detecteor arises frem shes rnoise due tce the

a
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~zr-er than the incrinsic nolse 1. Thern
n
-2 o tavT oo -
n _ -
Whnere 2 = 2har-e on the eler-rop = 1.- o< 10T moaevs avs
- 7 £ o -
Af = bandwidth ¢f “he sv3tem.
haad o
“herelcore,
IZ ~p on
L.Q
S 3 -
= G
Iz SR
n
n

which is cnly 2 furction ¢ the sirnal ncower ani net <he 1-o2al
S

S+N
] 2

-~y
e
T -2
iy -—
-~ [ S [ A
= l + = Eo + —
vy T
N -

“

If IS << IW we can drecp the last term. Then,

1l
o
n

———
=l
| —
~N
i
e
=
jgs)
0
o ¢
I

(o]
zZe

the onutput of szauare, AT b22-rez —ha band-

e
width of the intecsrateor. Therefore, the ~utnpus simal <o nrilge
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1
]
nower ranis ls
. Lp R
Ez = S ran !
2 eAf ' T
Ze® us now 2onsider the siznal power T tactxscattered from
the z2arbon Jdicxide. et the receiver lens have 2z radius r and
ler the focal volume we 3t a distance R from the lens (Fi-. 2). ‘
t
Ther
1
2
P = » X -uAL (exr-IkL) f10)
s “ ! )
uymy? i
Wners P = Inicial laser power i
{
- = frgo-lcon 27 abksorted radliation remicred :

LLLLLLLLL

DETECTOR

FIG. 2. GEOMETRY OF BACKSCATTERING.
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=X
AL = cgoherent Jdenth of fi1a7d = -
A = wavelensth ¢ laser.
“hen,
P =P A sk lexp=Lxl) . Il

s o X

This 1s indevendent ¢of the receiver.

;iow this power 1s distributed over the whole nz<ural

width An, whereas we 2an only detect thsat part within the detec-
tor bandwidth AF. This reduces the effective power bty AT/ An.
Hence, sicnal-to-noise ratio is

‘a2 P RAFCAK

;—] = — (3&[‘—2‘(1.\ . (1?\

1y ZelAlAn :
Tor F, = 100 uwatts,

R = 2 amps/watt,

[
w)
O
O
3
b
\Sa )
Q.
w

Gl

Alternatively if we are

[oF

e

ecting spontaneously emitted

ct

radiation from a tlack body, then from Plancks radiation law

12

— - . . a _ uma & M e e
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'y
[}

2hnA¥r s
s watcs/meter/steradian DO
A2lexp(hn/k7)=1]

where n = Planck's constant = £.£25 x 1073* watss sec

= =oltzman's cecnstant

£
i

2.38 x 1072 yart sec/des°F

1

n,\ = frequency and wavelensth of radiation = 7 x 121 Ez,
4,27 um

]
|

= temperature of bcdy = 300°X%.
Then, P_ = £.44 x 107! AF watts/meter?/steradians.
For neterodyne detection, the product cof
of view is determined by coherence. For 2 laser ir a2 TEY
s product can be shown to te 0.91812., For other mades

the numberical factor differs slightly. Then

P, = 1.06 x 107* AF watce (za?
|
and
[%]2 = 3.2 x 1078 2L SES
Tor poth of these heterodyne schemes we r23ulrs o dev=2710n

with a larege responsivity-btandwidth product and an intesrator
with a lcng time constant.

2.3 Calculation of Forward Heterodyne Signal

Let us consider a convergent laser team (half ancl= x° f2ll-

D

ing on a photodetector of radius a and ccverine in (

laser radiation is scattered bty a CC, molecule and some of “his

2
radiation also falls c¢on the photodetector.

and direct radiation beat together to =~ive a hetercdrn

13
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DETECTOR 1

A
P
#

FIG. 3. GEOMETRY OF FORWARD SCATTERING.

'h
oY)
3
’,J
w
0
]
Y3

3 = - - « r - = 5
che 1ir. The scattered team power = P expl-i(L)> wa®/inm x
3/m{aR+42 %, zurnilns the s2atterinc fo fze-roric and that the

wavefronts, *nere will te perfecs mixin~ and fhe heftzrodrns
sirnal will te the square rcct cof <he precduct which is
4
®  eyni—xi) a [o AF) 7
jag QA =Ko e NN Y e
0 : 2R{aB+a; |7 An
where An = molecular llnewidtn and AF = photedetector tandwidth.
e s
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1
— - /2
a = /N
where 3 = that fraction of the absorbed enersy wrich 1s szcztoered |
and N = number o7 molecules pver unit volunme.
We will now integrate over the volume of the bteam to cibfain
the total scattered beam power on the photodetector which 1is
4
2 1
Ta . <-
J ?, exp(-kL) = av
4rR?2 w{aR+2)?
o 2
Zokga .\ 1
= expi-kL) — dR
P xga’ J
= ——7 exp(=kL)/R _, .
- i sl
Rmiﬂ Is the detector window distancz= which Is 1.27 c¢m in cur cise.
I7 the scattered waves nave the same wavefront as the Jdirecs
wave, then the hetercdyne current from 5 i3
1<
- KAl | -
D o ) -
P R, exp(=-k .
0y EXPL=RL) g5 ,
min

In practice the scattered and direct wavefronts are not coinci-

dent.

The phase difference at a distance r off-axis is

The averace phase of the signal is
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k=1
1 - .
¢ = f 2mrar
wa? /,
T3 a
= [0‘ ¥ .—S.J :
“he averace thase of the whole scattered beam is
® 1
= Ron Tn j Y [a * QJ s
R Rz .
min
_ Ta @ L a
min BA AR 407 gz
min
= /’JR
¢{2R,, )
cr the mean phase 1s that scattered from a distance cf twice
R_ ... The heterodyne current Is rroror-lionzl o 2c3ine ¢ z2nd Is
min :
equal to
kzaF )7 (na A |
Ra exp(-~kL — osly= (a + a/2R_, )
P,Ra exp(-kL) [R . AV c (LA nin’y
min
The depnth of mwodulaticn is then divided by Po' dow, 1 we take
a =0.25m, k= .0l0mm, L = .2 m, g = 10"%, Af/Av = 1077,
Rmi” = 12.5 mn, and a = .012 rads, depth cf modulation = 2.5 x
1976,
2.4 Ratio of Forward to Backscattered Signal Currents

This ratio is

-
[¢)
D
0
—
=3
=

16
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=nich 13 ¢f tiie oxder unity JTor wean Linza, Thus, 2 Jorward
and backscatcered are comparatvls zs lons az “he abscrntizsn iz

ncr too strons.

2.5 Selection of Photodetector

2.5.1 Introduction

The selection of a photodetector for the Laser Dcrpler Air-
sreed Sensor nust be made carefully i€ we are <o achleve ortinurm
cerfcrmance for the system. FHowever, the Ticure of merit used
to compare detecteors 1s different for whether direct detection
or heterodyne detection is emploved These fizures of merit wil
te derived and, as may be expected, 2z different detectcr 1s
crtimum in the two cases. There are three basic tvpes of de-
ceztor:

1. Thermal {pyro-electric or thermcrile!

2. Phote-~conductive {current 5 1isht level)

3. Phote-voltaic (voltage = 1lizsht level).

These varicus materials are detziled in Table 1. Thermal detactcrs

are quickly dismissed as beins much less sensitive than the cther
tvoes. rhcto-voltalec detecters are, in fact, the most vronising
since tney are much faster <han phectc-conductive twres. The two
materials with gcod sensitivity at the wavelength of interest
(4.3 micrometers) are Indium Antimonide and Mercury Cadmium
lluride. ©Of these, the former i1s an inherently guietar detec-

Tor.

2.5.2 Detectivity

Tor conventionai,

a
decector is called ics det

17

RRIVPSAY SRS A
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R T T T U T U SN R T S To i m -
- AT 20N VELCNT QS leltal i TowWe IO el T T -2
P T N M it e e T e e e ~armavig T Y R N T
CIounIT o Area and unl cCaANnAWIQTO. - -3 IeNel’A L ot resIZel z2
LIV (LI PUPIRE L T TR ey ey {7z -\ 27 faal? -
JAETTE el CentlimMetTer Tl (meria . -ne y .02
O PO | ~ —~ ol .y PP ) B ~ 1 S P
SRISIC I - e ZmMTUNnT 2D YCoWwWer wnlo2n Z2a8n e detecTald.,

TABLE 1. COMPARISON OF PHOTODETECTOR MATERIALS.

’ Response
Responsivity Time
Material Type Temperature (R) Detectivity (1) R/T
LiTel, Pyroelectric 298°K 1.5 x 107 amp/watt 1 x 10° 150 n sec 10
TrSe Phetoconduct ive 2L0OK 1.3 x 107? amp/watt 1.3 x 101 25 u sec 500
IngSh Photovaltaic 77K 2 amp/vatt 1 x 10M 20 n sec 10%
Ge:Au Photacenductive T7°K 1 x 10-? amp/wvatt 3 % 10° 2 n sec 5 x 10%
JHgld)Te Protoconductive T77°K L amp/watt 109 250 n sec L x 107
(2g2d)7e Photoveltalce T7°K 1.2 amp/watt 2 x 10° 3 n sec L ox 10°

Lj?bSn‘Te Photovoltaic 779K 2.5 amp/watt l, 2 x 10% l, 1

h =
w
4]
[}
N
N
x
x
(@]
| -
R

The detectivicy of a2 device mar be determined =isher bv its
own Internal nolse ¢r ©r neise in the ambient tzck~ round (Zack-
~round Limi<=2d Performance, ZLIF).  AY room temperaTure 211 de-
cectlirs are limited by thelr iIntrinsic roise. Loweveasr 17 <hev i

The ZLIF ca2an s7ill varv between detecters since 1< oan vary

PIE R ' - Tr - N - . -1 + + ~ s LR
Nitn the armount of baziimrcund that the detector sees. - Is =2
o - 2 ~
Tangticn of:

- - = -~ Fad .

. Svectral reveornze ¢f detactor.

~ TAamr aratiivma A~ the haolkoroud

— -9 IO S La [ORESNE NP S SR T RATS T

2 T4 AT A o I PR -~

. Sield o0 wiew deteatcor.




201t Beranek and Newman Inc.

rReport No. 4607

a1y
)

W
[

Ie
42
il

(48}
I

o

G

(@]

ar
T3

E

joF

O
Q0

oy
a
[3)

3
4
o
b

U

9]
9]

o}

&)

w3

[GH

1)
o

1D
o

Q

'3
1
a
[}
G

[¢3]
D
I
e

=

ol

i
n
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TABLE 2. TWO HETERODYNE PHOTODETECTORS.

Bolt Beranek and Newman Inc.

| | Indium Antimonide

Mercury Cadmium Telluride

{SBRC) (Honeywell DLK146) i
Detectivity (watts cm Hz)'li 3 x 10M 2 x 10°
Diameter (mm) 0.5 0.375 :
| Bandwidth (MHz) 20 100
| Photodetector NEP (watts) 7 x 1079 1.8 x 1077
Amplifier NEP (watts) 2.2 x 1078 1 x 1078
l Responsivitv (amps/watts) 2.0 1.2
Local Oscillator Power
Minimum (milliwatts) 0.15 1.4
! Responsivity x Bandwidth
| (amps MHz/watts) 40 120

renerated by the impedance of the photcd
prezmplifiser. The lower this impedance
eguivalent power. The verformance of In
mined by its junction capacitance which
/2 mnm detecter. In the case of Mercury
Juncion capacitance 1s about the sanme,

ut 30 ohms, which makes

bo
renultimate line in Table Z
gquired fcr shot nolse 1imi

. .~
3 - P vaaremt TR 4w
i13e Zna oressmrTillllar

- PR 23 A layrA
marie. AT TnE O C[EVCe-

13 tackoround
rmal or Jonnson ncise
ctor as seen by the

e
the greater the noise

dium Antimcnide is deter-
is about 120 pf for a
Cadmium Telluride, the
cut the c¢v impedance

t23d heterondvne detection.

.o ‘,ﬂ.-‘svﬂmﬂ-ﬁﬁ%"?m‘(‘ vIwp

|
|
!
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heyl vy ~ = ~ - o~ —~ R} =

Tinally, Zaser ncise may orevsent shot nolse limited orsrzs-
3 o 1 ~, . - ™ 2 2 33 T
Lizon ¢f the heteradyne det22%2y. 7This ncise irncrezses cirectlr

AT

Vercury Cadmium Telluricde

[
1))
'rf
O

datecters are the most su r heterodyne deftecticn,

o) voltaic Mercury Cadmium Telluride detectors have the best
e of merit, but the oecal oscillator vower reguired is more
than we have avallable. Therefore an Indium &Antimonide detectco
was used In tcocth cases. One was procured frcrm the Santa ZBart
Eesearch Center, along with two matched preamplifiers — one for

lew freqguency direct detection and cne for hich frequency hetsro-
dyne detection.

The data descrited here are based upon commercially available

detectors and does not necesszarlily represent the ultimate state
of tThe art. !
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3. CHARACTERIZATION OF CARBON DIOXIDE LINES

cartcn dicxide has taree modes ¢of vitrztion., Zince it i3 =
linear mol2cule there are [(Fis, 4,

a. Syrmmetric mode (129C) — The carbon =2-orm iz s4aticnary
and the oxvzens move In ornnsite dirscciorszs in =—hn=
line of the molecule.

¢. Bending mode ({(decrsnerate 0.7) — The oxycens move to-
gether, perrendicular to the line ¢f the molecule.

¢. Asymmetric mcde (201) — One oxyzen zand thes carbon rove

site

one way and the cfther oxyzen moves in the orpe
o

direction in the line of the mol

FIG. 4. CO, VIBRATION MODES.

Since the first two modes are symmetric, they cannot have any nest
electric dipole moment. Thus, only the 001 mode can be excited

by an electromagnetic field. It 1is this mode that we are =mplo
ing in this study. Thils mode has a natural frecuency correspcnd-

ing 1o a wavelength of 4256.7 nm (in vaccuo).

The spectrum 1s complicated, however, bty the fact that the

(B

c
1so rctating and, since a photon contains
he CO

CO, molecules are

t

anzular momenturn, , Molecule must also chanze Its angular

monentum when 1t emits or abscrbs radiation.

<
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12 rotaticnral kinetic enerry, E- 0of “he meolecule 1

D

BI(J+1) = DJ3(J+.)2

where h = Plancks constant, ¢ = spe=4d of

’—l

b
J'

oy

t
-

J = rotational gquantum number,

- h 27.994 x 107"° - e =1 oA A
3 = = 2 em”™! = 0.3895 em™! for CO,
3w2cl Iz
B in ground state
T, = moment of inertia of the moleculs
D = stretching term dus tc centrifugal force = 27/7%y2

vV, = natural rescnant freguency of tha molecule.

3

«t

ha

s
rules then reqguire that cdd values

of
)
}

s
c

Eowever, in '*C'%0

)

are zero, and symretry

v

cins
of J are forbidden. There-
fore, the selecticn rule for any transiticn is AJ = 2, £ 2.

Hewever, if AJ = 2, the angular niomensur 2

cheton is not conserved. Therefore

AT = %2 .

If AJ = =2, the transition is said to be in the P branch
and 1f AJ = 42, 1t is sald to be in the R btranch. The wavenum-

bers in the two branches are (Herzbers, 1945)

v
- 0
P(d) = _E_ - (B"“B")J + (B'—B")Jz
\)0
R(J) = — + 2B' + (32'=B")J + (2'-2")J2
where 2' = 05,3368 em™! and B" = 0.28305 cm™! are the rotaticnal
. . .
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ronstancg 27 the 701 and 707 lavels, resgres~ivyely . and T o Is +re
- s -1 P . . P . - va + ~ lna RPN e . e
roctational guantum nurbter of the lower stawe. Thsse rmawv e D un-

marized as

where m = =J for the P bran~h and m = J+1 fcr the R branch.

+]
oy
D

[

rntensity of each line is determined by the ropulaticn

4

e
f the initial state. This, in turn, 13 4de2cermined by <he thnermal

o)
Roltzman distribution. The P and ¥ btranches are syrmmetrical.
This sives rise to the familiar "butterly" whizh is fllustras=ed
in Fiz., 5.

R BRANCH P BRANCH

FIG. 5. CO, BAND.

[

T hl E .. P
N(J) is ziven b

The pooulation of the J leve

N(J) « (2J+1) exp(-EJ/kT) fcr J even cnly

ta)

= (2J+1) exp[{-J(J+1) + .0037J%(J+1)7}/535.
at 300°K.

This has 2 maximum for a J value ¢f approximatelr 17 2t roon
( n

0°K).

temperature
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The exaczt frequenclez 27 the T oLrancn of the 5,05 um braneh
¢l 70, have D2en calculated znd are ~iven In Table 2
TABLE 3. WAVELENGTHS OF P BRANCH OF 4.25 BAND OF CO,.
Wavelength {um)
J in Vacuum
0 4.2567
2 4.2595
4 4.2624 |
6 4.2654 !
8 4.2683 !
10 4.2714
12 4.2744 ,
14 4.2775 i
16 4.2807 '
18 4.2839
20 4.2872
22 4.2905
24 4.2938
26 4.2972
28 4.3007
30 4.3042
32 4.3077
34 4.3113
36 4.3149
38 4.3186
40 4.3224 )

(@)

The laser diode has bteen used to identify as manv cf the (CT,
lines as possible and measure their strencth The results are
shown in FPi~-., <. Laser Hc. 1 was tuned cver the rance 7r

e
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Tl ~T AN . aemls -~ vy - A P S -~ <
PIUY <0 P{3€). The reak appezrc oo Ccour nt FI20) wrorenz w
- R TG b - ) - ~ -
1d have exvected a peak a3z Pilr). However, since we could n:o
T ter of the bard, we have had ©o rely on the

in the J number. Thus, we could be in errcr by 2 :

in the J numbers assizned tc the lines. )

Dkt
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4. EXPERIMENTAL MEASUREMENTS

- H . -~ &~ PO R, - Ea - - PR
Pel mAaLn Turrcege o0 Cnlz Tresran 1 TC neagsure e r'escnarn

Jlucrescence 2F carrton dicxids In the 4,25 pm band., This oan te
done ty one ¢ tThrese tachniques:

1 NIyt A=t asakd anm

P — [ S O P P W )

2. Haterodyne detecticon.

3. He<cerodvne detection of the backerround.
The experimental arrancements for these three technizues are
shown in Tizs., 7 = 9. An Indiur antizeonide dececz-or ‘oocl=e:

The Laser Analytilcs Laser Ccld Head was mour 2n a newnors
Resa2arch Torrcra<icn Tptizal EBreaidboard, I Tt w4 on The head
was mountad Oon 00Sts 37 that the laser diode wzz < In. atove the

“able. The whole ortical system was <hen xert 27 <his heirh-.
This zreatly eased the alixinment. The laser output beam was

S
Irtran 2 (zinc sulphide). This i3 an
a

aspheric lens and is available from Eastman Xcdai. This then
1 £

2ollects the laser cutput Ifrem wherever it may te. CTalciunm
Fluoride lenses and a beam splitter were used. A lead selenide
detector, which is thermoelectrically cooled, is used as a tean
monitor and an Indium Antimonide detector, which is cooled by
: liguid nitrogen, 1s used to detect the sicnal. This latter
detector has two associated preamplifiers; a hich gain one ’

1520 V/uwatt) with a bandwidth of 10 xEz, and 2 hich bandwid4n
)

one (20 MHz) with a lower sensitivity (7.79 V/uwath).
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was reduzed, the widin of the noise burst Initially nzrrowed and
~hen weaxened until 1¢ diszopeared. Zrn reventing Yo the zatmos-
phere it rearpeared. Agzln, this time at atmospheric pressure,
the c¢211 was flushed with helium. Again ths roise "tyursz"
disapreared. <Conditions in “he gas cell cculd nct nessibly
aff22t the laser mcde switching and, therefore, the rcise nas <c
orizinats frem the £as in the cell.

This noise from the C02 could te dug to one of two processes:

a. lcise innerent in the absorrtion rrocess,.

b. Heterodyne beatinzs of fluorescent radia<icn,

The nolse inherent in the absorpticn process can ccnsist of the
follewing mechanisms:
. Thoten noise due to fluccuaticns in the absorpzicn
rate.

2. Carton dioxide density fluctuations.

The laser bteam is made up of discrete thotons. Accordincly,
there are fluctuations in the arrival rate of the theotens and
~his appears as noise in the outvut ¢f <he chotcdetector.

5 p-kL
. To” . .
Arrival rate of photons = v per unit time
where h = Plancks constant and v = freguency of laser light. !
(o o"LI%
s . . N
Noise due to variation in arrival rate = )

b 3N

Y :&»*Iwﬂrmw" R
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AT th2 same time, the abscrpticn of the photons is a st2tis<izal
Dro s which sgenerates noise similar to the randcr arrival rate

ces
of photons. This rms noise is

N

~

The sum of these twce nolse mechanisms is

i
2P ar)*

hv
which is the noise from fhe unattenuated beam. Thus, the dhoftcn
noise is independent of the absorpticn bty intermediate gases.
Cavron Jioxide Tensity Fluctuations

<

The fluctuation in the number of molecules in a vclume which
on the average contains N molecules 1s N%. There are cn the aver-
age about 10'® carbon dioxide molecules in the laser beam at
ambient pressure. The fluctuation is 3 x 107 or 1 pars in 30
million. Thus we could expect noise on the CO2 absorption line
0f 3 parts in 10% due to the density fluctuations of %he Ca,.
This, however, is much smaller than “he nolse which has been

observed.
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Hdaving ruled out nclse due to the atscroticn nrocess, W=e
o}

must conclude that the n

radiacicn emitted fro ton dioxide mclecules. Thiz radlz-
“ion has been Inelastically scatiered by the mclecules ot is
St cattered, the btandwidth would te zrvrrcxi-

The cnly difficulty with the sucgestion that we ars det2ct-
that 1t is atout 107 <imes stroncer

rescence signal 1
c

S
lculated in Sec. 2.3. At this <ime nc exolanz<ion

w0

n Zor this.

The relative strengths of the forward and btacxkscattersd

sisnals were evaluated by placing a gas cell ir the measurin-
volume of Fig. 2. Then as the pressure in fthe 2cell was zumned
down, the cattered sizna

linewidth of the back
wnile tne forward scattered si t

i3 unchanged. o changce 1in the linewidth was cbserved, indicat-
ing that the signal was primar c

This was confirmed by the fact that the sensor was most s
to CO2 close to it.

Trom this stage on a simplified arrangement for the forward

3zcatsering was used. This employed cnly the single /1 lens

which coliscted the laser dicde outrut and focused it onto the
ohotodliods. The z2s5 cell was rlaced irmediately in front of

the rhotsdisde ang could be evacuated.
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clearly seen. The raw siznal-to-ncise ratio

o)
6]
t
[qs)
O
t
O
Y3
O

lowest =wrace (inverted) is the crysta
1 =0 noise ratio of abcout £0 42. The laser

igna
on the vhotcdiode was approximately 100 uwatts.
Ticurses 11 and 12 show laser scans at a temperature

d c
from 1.25 <o 2.0 amps. These were verformed at ambilent pressur

e
(7€0 mm Eg) and 47,000 £¢ (100 mm Hz). Streng 1lines are s=zen at

1.5C, 1.60, 1.38, and 1.98 amps. These correspeond tce lines
(2L), P(22), P(20), and P(18) (probably). The spacing tetween

P
these lines 1s approximately SU gHz m Table 2. There 1s alsc
a

e ¢ing to the laser
S one mode could te measured
bration whereas at other currents, two mocdes were
nt. This may account for the signal at 1.5 amps
z. In fact, there is generally little correlaticn,
regwean the strensth of the absorrtion line z2nd the "hetsrodyne"

"heter

siznal. This 1s probably tecause the od efficiency is
a2 functicn ¢ the svatial mode structure of the laser. This is
most unifcrm when the laser is operatings in 2 single nmode. In-
deed, a very strong sisrnal was obtained when the laser operated

at cnly one frequency.

The "P(22)" 1line at 1.50 amps 1increases in strength dramatic-
ally as the CO, pressure is reduced. This effect was repeatable

al

<

and not due to a drift in the laser. The heterodyne simn

strenzth 1s proportional tc

AR
- (A%
-k eup(~kKL) n
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ot i~ = oo + 2 v oo
wasre T = gcathtering ez

ad.

L
(0]
[ %]
[&]
<
Y3
m
~

lciency af

K9]

k = absorption coefficient a vressure

N

AF = detector bandwidth

1

An = natural linewidth o nressure .

Thus,

[€2]

irnal

=

oy
0]

3

D
'C

pressure.
Thus the signal will increase as the pressurs is decreased.

The reason not all the lines increase in strength zs the
siecnal is recduced is probably due to o)

actsorytion lines and only the weaksr 1li:

It will be noticed from Figs. 11 and 12 that the scar art
120 mm Hg produces substantially narrow S
scan at ambient pressure (760 min). The s
is approximately 50 GHz/amp and this makes the linewidths
approximately 10 GHz and 2 GHz, respectively. This is substan-
tially greater than the 3 GEz and 0.5 GHz expected. EHcwever,
this is orobably due to the strong absorption of these lines
which "saturates" the center and makes them appear wider than
they really are.

4.3 Problems of the Fluorescence Measurement
1. &ignal .

As has peen described above, extreme difficultiess have iL=2en
ed in attempting to measure the fluorescence cf

r
pheric carton dioxide. These difficulties have arisen primari.y

_ g 40 kv r S PN AN R R b 00
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~

e loew level of

~

ference fror atmosrhneric carbeor Qqicxidz 1n o=

interferometer.

scatterad s

would mask«

uzing Nitro
~ 1 B

of 5‘2‘32.

C‘aiz a tan

at 4.2%u.

tranzh of C
measurs <he
Identical,
carton diox
€O, will kbe
between the
orward sca

net 2 prac

jo I o

£ a
n the di

several fee

tical solution since Cl!3¢

omparison with the back-scattered siznal,
is very, very strong,

50lld cbject in the flow and

her carbon dioxide in the interferometsar
blem might bte temporarily s2lved b

= £ J
) cr C!'%C. for the flurocescence inst=ad

i
Nitrous oxide haz a tand centered at L.57u ard

d centered at L4.353u compared with C1202 a
Tyvically the R branch cof C”O2 will coverlar <he T
1362 and thus a dicde laser which can measures one car f
cther, Further, since zThe frequencies are nct
chey can bte distingulshed. Tinally, conly 17 ¢f naturzsl

ide contains C!® and hence interference from nasural

small.

D

This technicgue should then distinsuish
fluorescence of the C!'’0, in a sarple ¢
ttering of C'?C, in the atmosphere.

i
is rare in the atmosghere

[N}

uld cause interference.

the atscrrtrion
The atsorption could be used by

reflecting the radiaticr

cde laser frcm it. This has been done, using a wire
t from the laser. the 3cattered 1light 1s cclli=scted
ed onto a vhecto-detector. Indeed 3 very strons !

cbtained. echnijue are
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5. CONCLUSIONS

¢complexizy ard relilability
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velcelty 13 greater than the phase velocity, 1s referred to 2s
znomaicus discpersion.

pheric carbon dioxide are
S e

S
x 10%. Thus, 28/dw = (U4x12%)71 s

Typical wvalues ror atme
- I
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> -~y - .- - R S ~
13 2omparzable With The recinrocal of

5

T e
low pressures when Aw = Z < 1C%, 2 nzed only te £.3 m

grour velocity to bescome infinite.

An infinite grcup velocity means that waves of different
frequencies have the same waverumber, that is tTher are ohase-
matched. This means that, given a nonlinsar mecnanism, there
153 the possibility of freguency conversion, and this would taxe
clace over a pandwldth comparable to the resonance bandwidth.

A.2 Spontaneous Parametric Fluorescence

his vhenomerncn was first observed in the late 19<73. Twher
a monochnrcomatic plane wave propagates through z nernlinear medium,
TWC otaer waves of lower frequencies are generasted. The Thezr:
of this phenomenon is given by Yariv (1G72). Faramescric
fluorescence is unusual among ncnlinear effects In that <the
fraction of power that is ccnverted from the initial pump beam
nto the fluorescent beam is independent of the intensity of

i

the cumr team. It depends only on the noniinear cceflflicient
of the materizl and the distance that the pun
thrcugh the medium. The fluorescence only
case, in the forward direction, because t

in which the phases are matched.

Yariv (1975) quotes the fraction of power F which is

changed in freguency as

P .
. . - P T 1S P [ y .,
te J o .




Report No. 4697 Bolt Beranek and Newman Inc.

it o btardwlis
. _as?l - 27
_.(.UZ G e 5
aners * 1s a nonlinesr inveraction ccefiicient, 6 the ccllecticn
angle, 2 tne interaction length,
dk dk
= 1
L = —_— -
dw, dw
1
Wy Wio
where w,, and w,, are the frequencies measured in tne direction
of the initial wave Pa’ and a = k2k3/2k1. In cur case, Kp=K;3>
1.3 x 10%m7tand x,~10 mT!., Hence, ax10!'!'m~! znd

Pa - TR
Pasz a ’
or
3
2 2 0.0066K% on a 20 MHz bandwidth.
t 3

Note that although this is a nonlinear effect, the flucrescence

is linearly related to the input power.

The value cf K is given by

4 52
L hklk2 n, d
(2m) nr, €,

A-U

. - \ < o Vo L o A i SR~
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where n 1s Plancxs' constant, n,, ng, and n, are the rzfracciv=
indices = 1, €, is the electric permitivity of fres sgac=s, zni
d 1s the nonlinear part of the electric permitivity in <he

expression

s}

= x g, + dE® + ...

where P is the polarisability, x 1is the electric susceptibility,
a2nd E 15 the electric field. 1In erzl, P and £ will te
vectors and d will be a tensor, but we can ignore this in a2

gas. Then

¥o= 2.5 x 10%% 4% MXS .

gExrerimentally, values of PZ/P3 = 107% nave taen ciszerved
fcr a value ¢of & = 0.15 m. This would recuire a value c¢?
X = 107'%m"?% sec”!, or a value of 4 = 10”1t ns.

This value of d 13 however very large compared with thas
generally found in solids. There the value I3 typiczlly

7.3x 10722 MKS (Li NbO,).

A.3 Nonlinearity Due to Saturation

The dielectric constant e 1s given L

e = 1+ x .
For carcen dicxide y = 12773, '
Let us suppose that thers 13 an irncliisne wave with z flux W
watts/m?, <hen

€?E? = Wz, (viltsot o,
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wnere z, = Inmpedance of free 3zace = =277 ohm, Turlosil rawar
densities in the experiments rerformed are arcund 100 watts, e
and, therefore,

T = 200 volts/m .

£y any standard, this is not a strong fi
carbon dioxide is such a strong abs

can produce a significant nonlinezrity.

Let us suppose that there are N carbon dioxide mclecules
SS c

-
92

[on

unit volume, each with an abscrrt on of o,

-+
O
o
(]
3
O

i)
O

chotons with & frequency w.

~bsorpticn per unit distance = N

Number of excited molecules/unit vclume/unit Sime =

wHoT
hw

Number of excited molecules/unit volume

where T = lifetime of excited molecule

Waot

:

Fraction of molecules that are excited

Q
—~
(&3]

=
E
&

Now, the electric susceptibility is propertional %o the numter

of molecules per unit volume. Hence,

= . T_ﬂ
X Ao hwzo

~ '3
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APPENDIX B: SIGNAL PROCESSING

S
ment of the ailrsreed and altitude from the laser Corrler senscor
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B.1 Laser Airspeed Sensor Signal Analysis
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first and second mcoments of this function. The first mement iz
related to the Deppler shift and the seccnd moment ©¢o <he lire
width.

Let us describe the reference chiannel by its photccurrent

IS = Is(f—fo—fﬁ,cs) s
whers fD is the Doppler shift. Now, the laser scans the rCreguency
2s a linear function of time. Therefore, we can substitute
time (t) for frequency (f). The laser scan lasts for a time 7T
and 1s digitized into N samples. The sample rate is N)/7T = 1/71.
The 2} samples are stored in two memories. The two nmemories ]
are multiplied and added together to give the first value of

-

tne cross-correlation function. One is then shifted by c¢cne

ample period (1) and again they are multiplied and added. This

[

s

s repeated for all values of 1 from -T to +T. This process

computation is lengthy but 1s often employed in signal pro-

[¢ O]
FYy

essing. Accordingly, 2 very high-speed integrated circuit
nas been developed by TRW for this purpose. Each multiplicaticn
a

and additicn takes only 70 nsec. However, we require a tot

of 2N? operations. For N = 128, this would take a little cver

2 m3ec to perform, which 1s very rapid indeed.

This normalized crcss-ceorrelaticn function 1is P

T
J IR(t—to,oR) Is(t-to-tD+T,cS) dt .

~

I Ip(t=t ,0p) I (t=t -ty ,0.) dt
0
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If we substi-ute T' = 1 - tD’ we see thsw Tnts fo octe v
correlation of :3 and IR without any Dcrrler shift, ard trhen 1
shifted ty the Dcppler shift. Let us <Then calculate the Tirst
moment o7 C ]
! RS’
) ~ N v 4
i Tb—Q(T—u ) arT
A aS D
M' = !
rc T-% dt ;
asl D’ =
=) - -
= T-t.) C T- d(t-t Co{1=-t~) G1}+ ¢ . l
fo{r=ty) Cpglr-ty) dlr=tp)/ [ Cpol1-ty) dn D
1
T . - . » Py . . 4
tiow, 1f the c¢rcss-correlztion function Is symmetric atout <, : |

the first term 15 zerc and the second is =squal to the time delay.

Thus, M' = t..

Tt VY O 1=t dlT=t_ )
_ K \ -: .\E\ u/ \ D/
S Cos {1-ta) d(1-tA)
[} a— p
. : \
! (r—uh)upokf—t—J ict-t.)
+ .Z‘Zﬁ s — ) + t:‘;
o oA N . )
J o (T=% ;) A(T=-T )
RS C b C
The first term 1s the second moment c¢f “She unshifted rrofils,
which we call o¢, and the second term iz zers for 3 Ccross-
» .
cerre>ation function symmetric abcut tD. Thus, " = ¢ + tZ.
'
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B.2 Noise Calculation

Let us suprcse that the si

signal sensors have a noise pow

e

g

e
channels 1s thermal in crigin and therefore is uncorr=s’let=d.
dcocwever, because ¢ the Tini b £
nave some correlazicn in <ime. L2t ucg call tne vailue 20 Tnz
noise autocorrelation G(1) = 3(~7
we shall presume that the noise ba

G3(t) is small and G(2t) can be lgncred

When we comgute the correlation functicn ¢ the signz:,

we have N statistical Iindependent multiplicaticns cf

and 2N multiplications with & correlaticn cf G(t). The rezuls
is a noise contribution of n? [l+2G(T)]N:. This compares wish
the cross-correlation function of NI T C where the cverbar

denotes the time average. Thus, tne normalized valiue cf the

ncise is
_nfli+2G6(t) ]
= T .
NQIRIS

n2T[1+2G(1)
2NIRI

S

n2[1+2G(1)1/2I,I .

PRy

(&)

This i{s the average nolse-to- nal ratic of the inruts times

-
- =
-

and divided oy twe. Cimilariy

the sample time, times [l+2G(

“he seccnd moment 2f the noise 1s
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T
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a0

- 2m - ~ S o AT T
= n Trli+23(T) /2275 .
JaSae
- . 1- bl hl oo “ - ~ 1 . - R
et us take a ftypical value Tor the 3ionzl-to-ncliss piwer
- - ~N i i - = T -~ o~ -
ratio of 2C dB and 4 = 125 samples rer scan “her.,
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vhere ”F = 3 d2 down frequency for the noise. Thus, {or a
sameling freguency =gual to £, 3(1t) = 0.001°5. Thus, in gractice,

3U1) will cnly increase the error by about 0.3£35, wnich is not

B.3 Potential Problems with the Signal Processing
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The whele procedure for ceomputing the 2orrszlatlion Turczlon
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